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Résumé
Les muqueuses respiratoires, genitales et digestives sont continuellement exposées aux antigènes
de l’alimentation, à la flore intestinale et aux pathogènes. Cela implique une activité
immunologique intense et finement régulée dans ces tissus. On admet que la modulation de ces
réponses immunitaires muqueuses s’effectue dans des organes sentinels spécifiques appelés o-
MALT (organized mucosal associated lymphoid tissues). Ces processus de modulation et la
biologie de ces sites immuno-inducteurs sont peu connus. Ceci est pourtant d’une grande
relevance si l’on veut faire un design rationnel de drogues et de vaccins muqueux.
Dans l’intestin grèle, ces organes sont composés de follicules multiples et sont appelés plaques
de Peyer. Ils sont constitués de follicules enrichis en cellules B comprenant ou non un centre
germinatif, de regions interfolliculaires comprenant des cellules T, et d’une région en d ome riche
en cellules dendritiques, cellules B naives et cellules T CD4+, surmontée par un epithelium
specialisé, le FAE (epithelium associé aux follicules). Le FAE contient des cellules M
spécialisées dans le transport de macromolécules et micro-organismes de la lumière intestinale
au tissu lymphoide sous-jacent. Ce transport des antigènes est une condition obligatoire pour
induire une réponse immunitaire. Les cellules du FAE, outre les cellules M, expriment un
programme de différenciation distinct de celui des cellules associées aux villosités. Ceci est
characterisé par une baisse des fonctions digestives et de défenses, et l’expression constitutive
des chimiokines: CCL20 et CCL25. Le but de l’étude présentée ici est de rechercher les facteurs
cellulaires et/ou moléculaire responsables de cette différenciation.
Certaines études ont démontré l’importance du contact entre le compartiment mésenchymateux
et l’épithelium pour la morphogenèse de ce dernier. En particulier, les molécules de la matrice
extracellulaire peuvent activer des gènes clefs qui, à leur tour, vont controler l’adhésion et la
differenciation cellulaire. Dans l’intestin, les cellules mésenchymateuses différencient en
myofibroblastes qui participent à l’élaboration de la matrice extracellulaire. Dans cette étude,
nous avons décrit les différences d’expression de molécules de la matrices sous le FAE et les
villosités. Nous avons également montré une absence de myofibroblastes sous le FAE.
Suite à plusieurs évidences expérimentales, certains ont proposé une influence des composés
présents dans la lumière sur la différenciation et/ou la maturation des plaques de Peyer. La
chimiokine CCL20, capable de recruter des cellules initiatrices de la réponse immunitaire,
constitue notre seul marqueur positif de FAE. Nous avons pu montrer que la flagelline, un
composé du flagelle bactérien, était capable d’induire l’expression de CCL20 in vitro et in vivo.
Cet effet n’est pas limité aux cellules du FAE mais est observé sur l’ensemble de l’épithelium
intestinal.
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La signalement induit par la lymphotoxine ß est critique pour l’organogenèse des plaques de
Peyer, car des souris déficientes pour cette molécules ou son récepteur n’ont ni plaque de Peyer,
ni la plupart des ganglions lymphatiques. Nous avons obtenus plusieurs évidences que la
lymphotoxine ß était impliquée dans la régulation du gène CCL20 in vitro et in vivo.
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Summary
Mucosal surfaces of the respiratory, genital and digestive systems are exposed to food antigens,
normal bacterial flora and oral pathogens. This justifies an intense and tuned immunological
activity in mucosal tissues. The modulation of immune responses in the mucosa is thought to
occur in specific sentinel sites, the organized mucosa associated lymphoid tissues (o-MALT).
This immune modulation and the biology of these immune-inductive sites are poorly understood
but highly important and relevant in the case of drugs and vaccines design.
In the small intestine, these organs (gut associated lymphoid tissue : GALT) consists of single or
multiple lymphoid follicles, the so-called Peyer’s patches (PP), with typical B cell-enriched
follicles and germinal centers, inter-follicular T cell areas, and a dome region enriched in
dendritic cells, naive B cells, and CD4+ T cells under a specialized follicle associated epithelium
(FAE). To trigger protective immunity, antigens have to cross the mucosal epithelial barrier.
This is achieved by the specialized epithelial M cells of the FAE that are able to take up and
transport macromolecules and microorganisms from the environment into the underlying
organized lymphoid tissue.
The ontogeny of M cells remains controversial: some data are in favor of a distinct cell lineage,
while others provide evidence for the conversion of differentiated enterocytes into M cells. In
this study we mapped the proliferative, M cells and apoptotic compartments along the FAE.
Enterocytes acquire transient M cell features as they leave the crypt and regain enterocyte
properties as they move towards the apoptotic compartment at the apex of the FAE, favouring
the hypothesis of a plastic phenotype.
The follicle-associated epithelium (FAE) is found exclusively over lymphoid follicles in mucosal
tissues, including Peyer’s patches. The enterocytes over Peyer’s patches express a distinct
phenotype when compared to the villi enterocytes, characterized by the down regulation of
digestive and defense functions and the constitutive expression of chemokines, i.e. CCL20 and
CCL25. The purpose of this study was to investigate and identify the potential cells and/or
molecules instructing FAE differentiation.
Contact between the epithelial and the mesenchymal cell compartment is required for gut
morphogenesis. Extracellular matrix molecules (ECM) can activate key regulatory genes which
in turn control cell adhesion and differentiation. In the gut, mesenchymal cells differentiate into
myofibroblats that participate to the elaboration of ECM. We have described a differential
expression of extracellular matrix components under the FAE, correlating with the absence of
subepithelial myofibroblats.
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Different studies proposed an influence of the luminal compartment in the differentiation and/or
the maturation of PP. CCL20, a chemokine able to recruit cells that initiate adaptive immunity
constitutes our first positive FAE molecular marker. We have shown that CCL20 gene
expression is inducible in vitro and in vivo in intestinal epithelium by flagellin, a component of
bacterial flagella. This effect was not restricted to the FAE.
Lymphotoxin ß  (LTß) signaling is critical for PPs organogenesis as LT deficient mice as well as
LTß-receptor-/- mice lack PPs and most of the lymph nodes (LN). The continuous signaling via
LTßR-expressing cells appears necessary for the maintenance throughout the life of PP
architecture. We obtained in vitro and in vivo evidence that LTß signalling is involved in CCL20
gene expression.
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Abbreviations
APC: antigen presenting cell
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BSA: bovine serum albumin
DC: dendritic cell
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HEV: high endothelial venule
HSPG: heparan sulfate proteoglycan
IL: interleukin





LTß-R lymphotoxin beta receptor
mAb: monoclonal antibody
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MOI: multiplicity of infection
NIK: NFkB inducing kinase
PAMP: pathogen associated molecular pattern
PBS: phosphate buffer saline
PP: Peyer’s patch
qRT-PCR quantitative reverse transcription-polymerase chain reaction
rh: recombinant human
RT: reverse transcription
SSC saline sodium citrate
TLR: toll like receptor
Tdt: terminal deoxy-nucleotidyl-transferase
TUNEL: terminal deoxy-uridyl-transferase nick end labelling
UEA-1: ulex europaeus agglutinin-1
V-CAM-1 vascular – cell adhesion molecule- 1
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1 Introduction
1.1 The role of the epithelium in the defense of mucosal tissues
Epithelia lining respiratory, genital and digestive organs constitute barriers between the lumenal
environment and the host milieu and prevents thereby the entry of particulate materials (1).
We can classify epithelia in two major different types (figure 1):
i. Simple epithelia: composed of a single layer of polarized (both in structure and
function) cells. These epithelial cells are forming two distinct compartments
separated by tight junctions: the apical surface, which faces the tract lumen and the
basolateral membrane which faces the internal milieu. (2)
ii. Stratified epithelia: composed of multiple layers of epithelial cells. Stratified
epithelia lack tight junctions.
Adapted from Functional Histology, Young, Heath, Churchill Livingstone ed. and
Human Anatomy and Physiology, Marieb N. De Boeck University ed
Figure 1: The two major types of epithelia
a) Stratified epithelium
b) Simple epithelium: the example of the small intestine
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The endocervix, uterus, oviducts, intestine are covered by a simple epithelium while vagina,
exocervix, the oral cavity, the oesophagus and the anus are covered by a stratified epithelium.
In simple epithelia, the transport of nutrient and/or solutes is achieved by the asymmetric
distribution of channels, pumps and transporters. Simple epithelial cells are joined by tight
junctions that limit macromolecules and microorganisms passage between the cells.
Figure 2: General anatomy of the small intestine and its epithelium.
Basic histology, Junqueria, Carneiro, Kelley. Appelton &Lange ed. 1995
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1.1.1 The intestinal epithelium
Epithelial cell differentiation in the small intestine represents a continuous developmental system
organized around crypt clonal units harboring a ring of anchored stem cells near the crypt base
that give rise to multiple cell types which move on two axes of migration and differentiation,
depending on the cell type. Paneth cells migrate to the bottom of the crypts, while goblet cells,
absorptive enterocytes and enteroendocrine cells migrate from the crypt to the top of the villi
where they undergo apoptosis and are shed into the lumen (3-5).
Strong evidences indicate that epithelial cell proliferation, differentiation and apoptosis in the gut
are dependent on heterotypic interactions between epithelial cells and the underlying stromal
mesenchymal cells (6, 7). Both cell types are participating in the elaboration of an organized
extracellular matrix (ECM) network, the so-called basal lamina. The expression, orientation and
assembly of ECM molecules (laminins, proteoglycans, collagens) direct cellular function
through interactions with integrin molecules. For example, laminin 1 has been proposed to
activate the caudal homeotic transcription factor cdx-2 via ß1 integrins. Cdx-2 in turn, controls
cell differentiation, i.e. decreased proliferation, upregulation of digestive enzymes like sucrase
isomaltase (8).
1.1.2 The epithelial innate immune system
Epithelial cells constitute a physical barrier against pathogens. The protection against invasion is
achieved by continuous renewal of epithelial cells lining the mucosa, pH of the mucosal
surfaces, trapping of microorganisms in mucus, presence of a normal flora, glycocalyx and
peristaltic flux. The cell access is in addition limited by chemical factors, i.e. defensins, secretory
IgA, trefoil peptides, lactoperoxidase, lysosymes,etc...
However, epithelial cells have to be regarded as more than this physical barrier but as an integral
and essential component of the host’s innate and acquired immune system. Thus, intestinal
epithelial cells constitutively express, or can be induced to express, MHC II molecules, MHC I,
receptors for cytokines and an array of proinflammatory cytokines.
The intimate interaction of epithelial cells and enteropathogenic bacteria activates these
proinflammatory signaling pathways (9, 10 , 11, 12) leading to a response typically characterized
by a marked infiltration of phagocytic cells, i.e. neutrophils, monocytes and macrophages. This
innate response is essential for rapid clearance of bacteria. Adaptive immunity is also stimulated
to get rid of virulent pathogens that escape this first line of defense and to prevent re-infection.
The mechanisms initiating this response in the gut epithelium have yet not been identified.
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Dendritic cells (DC) are bone marrow-derived professional antigen presenting cells (APC) with a
unique ability to induce primary immune responses (13). The selective recruitment of DCs to the
site of infection (i.e. epithelium) is therefore a prerequisite to initiate an adaptive response.
1.1.3 Microbial-epithelial cells interactions : PAMPS and the toll-like
receptors
The microbes of the normal flora, called commensals or symbionts, do not invade epithelial
barrier and usually grow in the mucus or in the lumen. In the human gut, there is a cephalo-
caudal gradient of indigenous bacteria ranging from 104 to 108 per gram of lumenal material in
the small intestine and 1011 in the colon (14). The symbiotic relationship established between the
host and its normal flora is mutually beneficial. In contrast, enteropathogenic microorganisms
are able to colonize the epithelium. To achieve a productive infection, they compete with the
normal flora of the gut by producing specific virulence factors that can overcome innate defense
mechanisms. As a consequence, they enter more easily in hosts with immature flora or impaired
defenses. In the epithelium surrounding the gut-associated lymphoid tissue (GALT), molecular
features associated with the lumenal surface of M cells favors adherence, uptake and
immunological sampling of antigens and microorganisms. However enteroinvasive bacteria
(e.g., Salmonella, Shigella Yersinia) exploit this system to invade the host. (15). Salmonella
species are the only bacteria that can also invade enterocytes along the crypt to villus axis of the
small intestine in contrast to the other enteroinvasive bacteria that enter the host through M cells
exclusively (16).
One major challenge of innate immunity is the ability to limit the infection rapidly. Although
previously thought to be rather unspecific this should be based on the capacity to discriminate
self from infectious non-self. Why a bacteria triggers a cytokine response that causes
inflammation, activates antibacterial defenses and initiate primary immune response at mucosal
site is starting to be deciphered. Pathogens display associated molecular patterns that are
recognized by pattern recognition receptors (PAMPS or PRR respectively). These patterns seem
to be shared among groups of pathogens and the array of ligands and counter receptors described
is increasing rapidly. Representative examples of these PAMPs are: lipopolysaccharides (LPS)
of Gram-negative bacteria, gylcolipids of Gram-positive bacteria, double-stranded RNA of
viruses, etc...
PRR, upon binding pathogen ligands, are able to induce signaling cascades leading to activation
of proteolytic cascades and promotion of phagocytosis. One typical example is the Mannose
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binding protein (MBP) that selectively recognizes the carbohydrate patterns that decorate
microorganisms. However, to induce an adaptive response the cell presenting the processed
antigen has to furnish costimulatory molecules. A family of PRR initiating the production of
costimulatory molecules and cytokines was identified recently (17) (figure 3). These are the
Toll-like receptors (TLR) homologues of the fly Toll receptor. They activate a signaling cascade
leading to the activation of the NFkB transcription factor. Other TLRs can activate in addition
other signaling pathways (18) (figure 4).
Figure 3: Toll-like receptors family.
Figure 4: Signaling pathways induced by TLRs and IL-1R
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1.1.4 The mucosal adaptive immune system
Besides the diffuse effector mucosal lymphoid tissue (d-MALT), we find organized mucosa
associated lymphoid tissues (o-MALT) where transport, processing, presentation of antigen as
well as induction and clonal expansion of effector lymphocytes occurs.
We distinguish the gut-associated lymphoid tissue (GALT), the bronchus-associated lymphoid
tissue (BALT), and tonsils and adenoids. MALT is also associated with exocrine compartments,
i.e. mammary, salivary and some genital glands.
The most extensively studied MALT is the GALT (for review see (19)), constituted of multiple
lymphoid follicles in the antemesenteric side of the small intestine referred as Peyer’s patches
(PP), or isolated lymphoid aggregates in the large intestine.
Because of their predictable location and large size, Peyer’s patches have been used for most
studies of o-MALT. They are the structures we investigated in this study.
O-MALT is composed of one or several lymphoid follicle. The structure of the follicle (figure 5)
consists of an assembly of B cells including or not a germinal center, supported by a network of
follicular dendritic cells (FDC), surrounded by a “dome” region rich in T, B and DCs. Cells from
the dome interact directly with the overlying associated epithelium (FAE) that provides the
antigenic information as discussed below. The follicles are also flanked by T cells rich
interfollicular zones with the high endothelial venules (HEV) that express specific molecular
mucosal addressins serving as entry gate for migrating cells.
The antigens are transported without processing via transcytosis through the M cells and
delivered in the special environment of the MALT. In the dome region they will be taken up,
processed and presented by DCs to CD4+ T cells (T helper), which provide accessory signals
required for B cells for survival, proliferation, maturation and antibody production. Naïve B and
T cells enter the Peyer’s patches via the HEV.
Following antigen stimulation, IgM effector B lymphocytes accumulate in the germinal center to
undergo the process of affinity maturation and isotype switch in the presence of FDCs. They
then differentiate into IgA-secreting plasma cells and memory cells.
In addition, in the inter/parafollicular areas, the antigen in association with MHC I molecules can
be presented to CD8+ T lymphocytes (CTL), which will have a cytolytic activity (20).
The effector cells then leave the MALT via efferent lymphatic vessels, enter mesenteric lymph
nodes , mesenteric lymphatics, the thoracic duct, the blood circulation and then migrate back to
effector sites as the lamina propria or to more distant mucosal or glandular regions (mammary
glands for example).
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The trafficking of lymphoid cells to inductive or effector sites is mediated by the specific
recognition of vascular addressins displayed on HEV and flat postcapillary venules which
interact with homing receptors present at the surface of the migrating lymphocytes. Chemokines
(see below), are crucial in directing the cells to their appropriate destination.
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1.2 The follicle associated epithelium
The FAE is a specialized epithelium that provides the antigenic information to the mucosa
associated lymphoid tissue. It is generated from stem cells in the surrounding crypts, but in
contrast to villi enterocytes, FAE cells express a distinct program as cells from the adjacent villi.
1.2.1 Unique features and specific genes of the FAE
The FAE contains fewer or no goblet and enteroendocrine cells (21, 22). There is a decrease or
loss of transport (glucose and peptide transporters) (23, 24) and some anti-bacterial defense
functions (poly-Ig receptors) (25). Digestive functions are also downregulated in FAE
enterocytes (alkaline phosphatase, sucrase isomaltase). The FAE produces low amounts of
mucus (26).
It was recently demonstrated that FAE cells constitutively express the CCL20 chemokine (27).
This chemokine, also called , MIP-3α or LARC (liver and activation-regulated chemokine) is not
produced in the other epithelial cells unless triggered by bacterial components. Mice deficient for
CCR6, the receptor for CCL20, have a selective lack of myeloid-lineage dendritic cells in the
subepithelial dome region of intestinal lymphoid follicle and impaired immune responses to
orally administered antigen and enteropathic rotavirus (28). Recently it was demonstrated that a
repoter gene expressed  under the control of an artificial promoter is upregulated specifically in
the FAE (29). These experiments suggest the existence of FAE specific factor(s) that control the
transcription of genes accounting for the distinct phenotype of FAE cells.
1.2.2 Features of M cells
The hallmark of the FAE is the presence of the so-called M cells (Figure 5) (“membranous” or
“microfold” cells). They are found exclusively in the epithelium associated with lymphoid
follicles. M cells efficiently take up and transport macromolecules and microorganisms into the
underlying lymphoid tissue. They represent 5 to 10 % of the FAE cell population. In mouse, M
cells are highly enriched on the side of the dome and rare in the apical region. M cells share with
the epithelial cells of the FAE the distinct features described above. In addition they are devoid
of an apical well-organized brush border, digestive enzymes (alkaline phosphatase, sucrase
isomaltase) (30), and membrane-anchored glycoprotein network (glycocalyx). They are also
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characterized by a deep invagination of the basolateral plasma membrane that contains
lymphocytes and phagocytic leukocytes (Figure 6).
There are to date no positive M cell markers (31). In some species or in limited regions of the
gut, M cells can be detected by the expression of intermediate filaments. (32, 33) or lectin
binding sites not found in adjacent enterocytes (34, 35).
M cells are professional transcytotic cells. Transepithelial vesicular transport in M cells is the
major pathway, since little or no endocytosed material ends up in lysosomes. Due to a large
intraepithelial pocket formed by the invagination of the basal membrane, the distance that
endocytosed material has to travel to be released in the extracellular space is very short (1 to 3
µm).
E: enterocyte, M: M cell, L: lymphoid cell
Figure 6: Electron micrograph of an M cell, associated lymphoid cells and adjacent
enterocytes.
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1.3 The epithelial chemokines
1.3.1 The chemokine family members
Chemokines are a group of small (~8-14 kDa) structurally related molecules (figure 7) that
regulate cell trafficking of various types of leukocytes through interactions with a subset of
seven-transmembrane, G protein-coupled receptors. About 40 chemokines have now been
identified in humans. They can be divided in two major subfamilies on the basis of the
arrangement of the two N-terminal cysteine residues, CXC and CC, depending on whether the
cysteine residues have an amino acid between them (CXC) or are adjacent (CC). Two other class
have been described: the lymphotactin (C) that lacks cysteine one and three of the typical
chemokine structure and the fractalkine that exhibits three amino acids between the first two
cysteine (CX3C-1) and is the only membrane-bound chemokine.
Figure 7. Comparison of the 3-dimensional structures of human CXC and CC chemokines:
Stromal cell-derived factor (SDF)-1, CXC inflammatory (GRO), and CC inflammatory (RANTES) chemokines.
Each chemokine is displayed with NH2 terminus on the right and COOH-terminal -helix to the left. The 2 disulfide
bonds are also shown. (Roger Sayle, Glaxo Wellcome, Hertfordshire, UK).
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Functionally, chemokines can be divided in two main categories: homeostatic and inflammatory
chemokines. Homeostatic chemokines are constitutively expressed in certain tissues, where they
participate in organ architecture development and/or maintenance. Inflammatory chemokines are
in contrast strongly upregulated by inflammatory stimuli in various cell types, thus participating
in the inflammatory and/or immune reactions.
1.3.2 Role in inflammatory processes
Leukocytes and phagocytes recruitment and migration toward sites of trauma or infection is
essential for innate and adaptive immune reactions. It is initiated by the so-called pro-
inflammatory chemokines, such as IL-8, a CXC chemokine attracting neutrophils, T cells and
basophils. Other examples are MIP-1α and MIP-1ß that attract macrophages and NK cells to the
site of infection.
The chemokine system is crucial to regulate the dendritic cell and lymphocyte trafficking in
order to bring together the antigen loaded dendritic cell and naive T and B cells to generate an
adaptive immune response and to deliver effectors to sites of inflammation and infection.
1.3.3 Role in lymphoid organs architecture (homeostatic chemokines)
The role of homeostatic chemokines was elucidated in KO experiments. In mice lacking
CXCR5, B cells do not migrate from the T cell zone into B cell follicles in the spleen or Peyer’s
Patches (36). In order to bring together lymphocytes and dendritic cells to form the characteristic
microarchitecture of secondary lymphoid organs, CCR7, the receptor of CCL21 (also known as
SLC) and CCL19 (also known as ELC), is required to rapidly initiate an adoptive immune
response. CCR7-deficient mice show severely delayed kinetics regarding the antibody response
and lack contact sensitivity and delayed type hypersensitivity reactions. Upon activation, mature
dendritic cells fail to migrate into the draining lymph nodes. Mice deficient for CCL21 show a
severe depletion of lymph node T cells (37). These animals also reveal profound morphological
alterations in all secondary lymphoid organs (38). The CCL20 chemokine is the ligand of CCR6
and is specifically expressed in the FAE (27) constituting our first positive FAE molecular
marker. Immature DCs express CCR6 and the dome region under the FAE is rich in dendritic
cells. Mice deficient for CCR6, the receptor for CCL20, have a selective lack of myeloid-lineage
dendritic cells in the subepithelial dome region of intestinal lymphoid follicle and impaired
immune responses to orally administered antigen and enteropathic rotavirus (28).
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1.4 The development of the mucosa-associated lymphoid tissue
1.4.1 Embryonic development
Organized MALT develops during the fetal life in the absence of exogenous antigenic
stimulation (39). For Peyer’s patches three distinct stages have been described in mice. ((40, 41),
figure 8).
 1) The first PP anlage appears at day E15.5, soon after the endoderm/simple epithelium
transition of the gut has occurred and the mesenteric lymphatic vessels have reached the gut
mucosa. They are characterized by the presence of VCAM-1+ stromal cell clusters initially
detected in the upper jejunum and which then extend until birth to distal parts of the gut.
2) At day E17.5, CD45+ hematopoietic cells expressing interleukin (IL)-7 receptors (IL-7Rα),
colonize the VCAM-1+ cell clusters, which express lymphotoxin ß receptor (LTß-R) and also
secrete CCL19 and CXCL13 chemokines. The colonizing hematopoietic cells express CD4+ at
about day E16.5–17.5 but not lineage markers of T cells, B cells, dendritic cells, macrophages or
natural killer cells . These IL-7Rα+CD4+CD3–CD45+ cells are found in the intestine of rag-2–/–,
scid/scid and µMt mice, indicating that they are thymus-independent and do not require T-cell
receptor rearrangement. (42)
3) Mature lymphocytes begin to accumulate in PPs only 2 days after birth, and a fully mature
architecture with a follicular dendritic cell (FDC) network, B-cell follicles and T-cell zones is
not detectable before 4 days after birth.
1.4.2 Molecular mechanisms of MALT development
During the course of Peyer’s patches organogenesis, expression of IL-7R is essential, as mice
lacking IL-7R, do not form PPs (43).
Several studies on mutant or gene targeted mice have uncovered the role of members of the TNF
family as key factors of secondary lymphoid tissue ontogeny. (for review (44) (41), table 1 and
figure 8)
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Finke et al, 2001, Curr Op Genet Dev 11, 561-9
Figure 8: Stages of PP development.
Debard et al, 1999, Sem in immunol. 11, 183-191
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1.4.3 The TNF family members
Tumor necrosis factor α (TNF-α) is a potent cytokine produced by many cell types, i.e.
macrophages, monocytes, lymphocytes, keratinocytes and fibroblasts in response to
inflammation, infection, injury or other environmental challenges. It represents a still growing
family of trimeric cytokines and cell surfaces protein such as lymphotoxin a (LT-α),
lymphotoxin ß (LT-ß), Fas ligand (FasL), RANKL, CD40 ligand (CD40L) and TNF-related
apoptosis-inducing ligand (TRAIL). All these proteins diplay 25-30 % homology, mostly in the
part responsible for trimerization. TNF-α  forms homotrimers that bind to trimeric TNF-α
receptors. Some family members assemble as heterotrimers. LTα and LTß form heterotrimeric
complex (mainly α1ß2) that binds uniquely to the LTß receptor (fig. 9).
The binding of TNF to its receptors causes activation of two major transcription factors, AP-1
and NFkB. NFkB is a transcription factor complex containing the proteins p50 (NFkB 1), p52
(NFkB 2), p65 (Rel A), c-Rel and RelB. (fig. 10) These different molecules can assemble in
homo or heterodimers combinations to NFkB recognition sites. The most commonly described is
p50/p65. Activation of NFkB needs the phosphorylation and proteolytic degradation of the
inhibitory protein IkB through the activation of a dedicated IkB kinase (IKK) complex (fig. 11).
TNF-α induces a large spectrum of cellular responses including lymphocyte and leucocyte
activation and migration, and apoptosis. Some members of the TNF family exert usually a
narrower spectrum of biological responses. For instance, TRAIL or FasL mostly induce
apoptosis but not inflammation. By contrast, CD40L prevents apoptosis and enhances cell
proliferation. Other members as LT-ß were shown to be crucial for development of certain
lymphoid structures and for proper differentiation of certain cell types.
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Bodmer JL et al Trends in Biochemical Sciences, 27(1), 19-26
Fig. 9. Interactions between ligands and receptors of the human TNF family
1.4.4 The role of the TNF/TNF-R family members in MALT development
LTαß/LTßR controls Peyer’s patches formation as mice deficient for any of these genes are
devoid of LN and PP (45), (46), (47). The aly mouse, which lacks lymph nodes and PPs, was
shown to have a point mutation in the gene encoding NFkB inducing kinase (NIK), a
downstream component of the LT signaling pathway (fig. 11). The requirement of LTß signaling
for the maintenance of the organ architecture, has still to be assessed. In contrast, although
undersized, PPs develop in mice deficient in TNF signaling through TNFRp55, indicating that
this pathway is less important for PP morphogenesis. Follicular dendritic cell maturation (FDC)
depends also on expression of LTß-R by stromal cells and of LTαß and TNFα by B cells (48,
Endres, 1999 #3749).
The expressions patterns of LTß and LTßR has been examined in mice embryos and adults (49).
LTß was detected in the developing LN and PP from embryonic day E16.5. The LTß-R is
expressed from E 16.5 onward in mucosal epithelium lining cells, especially in the intestine,
bronchi and salivary gland. A strong LTß expression is maintained in the follicle of adult mice
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Peyer’s patches (N. Debard unpublished results). Wheter this LTß signaling has a role in FAE
differentiation has to be addressed.
Figure 10 : Mammalian NF-kB AND IkB proteins.
Ghosh et al Cell, 2002. S81-S96
Figure 11: A Model Indicating the Two Signaling Pathways to NFkB.
One pathway is the classical pathway mediated by IKKß and leading to phosphorylation of IkB. The other pathway
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1.5 Ontogeny of FAE and M cells
The fact that FAE phenotype appears only in association with lymphoid aggregates suggests that
lymphoid compartment plays a key role in FAE differentiation (50). It appears that factors and/or
cells produced by MALT can act very early to commit crypt cells into M cells and also later to
convert some FAE cells into M cells. Morphological and histochemical studies provide evidence
for an early commitment showing that cells expressing M cells features are present in the follicle
facing side of the follicle-associated crypts (35, 51). On the other hand, cells with both
enterocyte and M cells feature (intermediate phenotype) are present within the top of FAE. In
addition, different studies propose an influence of the luminal compartment in the differentiation
and/or the maturation of PP. Only few PP are detectable macroscopically in germ free mice.
However, their size and macroscopically detectable number dramatically increased when one
commensal bacteria is introduced in the animal feeding (52). In other experiments, M cell
number was increased within 30 min after microbial challenge, a too rapid kinetic to be
explained by migration of cells originating from the crypts(53, 54). There is still controversy on
this issue but in fact, these two mechanisms are not mutually exclusive.
The possibility that enterocytes can be induced by lymphocytes to convert into M cells has been
tested in vitro. Co-culture of Caco-2 epithelial cell line with Peyer’s patch lymphocytes resulted
in the settling of lymphocytes into the epithelial monolayer, reorganization of the epithelial brush
border and transport of V. cholerae and Y. enterolitica and latex beads (55).
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1.6 General Aim of the study
Elucidation of the cell and molecular partners involved in FAE and M cell differentiation as well
as elucidation of the molecular architecture of M cells are important issues for the rational design
of mucosal vaccines and for the understanding of the strategies used by certain pathogens to
exploit this sampling system for invasion.
As presented above epithelial differentiation and epithelial gene expression is driven by
interactions with cells and molecules from their close environment. The potential instructors of
FAE differentiation rounding the epithelial cells are mesenchymal cells, extracellular matrix,
luminal microflora and factors produced by lymphoid cells.
My thesis project was aimed at elucidating the role of these factors on FAE enterocytes and M
cell differentiation as follows:
 i.  Using immunohistochemical approach we described the composition and localization of
the extracellular matrix molecules and the localization of the mesenchymal cells under the
FAE.
 ii. To assess the role of LTß signaling in FAE differentiation we followed the regulation of
CCL20 in our in vitro model upon LTß stimulus, we blocked LTß signaling in vivo using
LTß-R-Ig fusion proteins. We also described the kinetics of LTß and CCL20 expresion in
vivo.
 iii. To study the regulation of the FAE marker CCL20 upon stimuli with bacterial products
we used an in vitro assay mimicking the properties of a polarized epithelial sheet as well as
in vivo assay by injecting products into mice ileal ligated loops.
In addition, to precise whether M cells originate from a single stem cell in the FAE-associated
crypts or represent a transient conversion of FAE enterocytes we mapped and quantified the
proliferative, M cells and apoptotic compartments of the FAE and studied the kinetic of M cells
migration.
Given the importance of CCL20 in the mucosal immune response and as our only marker for
FAE differentiation we also decided to clone and functionally characterize the CCL20 promoter.
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2 Material and Methods
2.1 Antibodies
The following antibodies were used for immunodetection and/or agonist experiments:
Rat monoclonal antibodies specific for mouse laminin α1 (mab 193 (56, 57)), α2 (mab 4H8-2
(58)), α5 (mab 4G6 (56), (57)), β1γ1 (Immunotech, Marseille, France) γ2 (mab SE8.5 (59) ),
collagen IV (60), heparan sulfate glycoprotein (HSPG) (Bioproducts, Boehringer-Ingelheim) and
CD45 (Leucocyte common Antigen) (PharMingen, San Diego, USA).
Mouse monoclonal antibody specific for human lymphotoxin ß receptor (CBE 11, generous gift
from J. Browning, Biogen, Cambridge, MA, USA).
Rabbit polyclonal antibodies against nidogen (generous gift from B Clement, Unit 456 INSERM,
Rennes, France) (61), tenascin (generous gift from M. Kusakabe, Genome Sciences laboratory,
RIKEN Tsukuba life Science center, Ibaraki, Japan ), sucrase-isomaltase (generous gift from A.
Zweibaum , INSERM U178, Villejuif, France), and mouse monoclonal antibodies against alpha
smooth muscle actin (Sigma, Steinfelden, Germany), ß-Catenin (Transduction Laboratories,
Lexington, USA).
2.2 Cytochemical and immunocytochemial labeling
Ulex Europeaus lectin: Sections preincubated with 20 mM of DTT for 10 min at room
temperature and washed 3 x 5 min with PBS were stained with FITC or TRITC conjugated UEA
lectin (SIGMA, Steinfelden, Germany) in PBS containing 1 % BSA for 45 min.
Basal lamina labeling: Unfixed frozen sections were dried for 10 min and incubated for 2 hrs
with anti-laminin (Ln) (diluted 1/200), anti-collagen IV (1/200), anti-laminin α2 chain
(undiluted), anti-laminin α5 chain (undiluted), anti-laminin α1 chain (1/100), anti-laminin α2
chain (1/200), anti-nidogen (1/1000), anti-alpha smooth muscle actin (1/400) and anti-laminin
β1γ1 chains (1/100). Fixed frozen sections were incubated overnight with anti-perlecan HSPG
(1/500).
Sections were then incubated for 45 min with an FITC-conjugated anti-rat, anti-mouse or anti-
rabbit IgG antibodies (1/100) (Jackson Immunoresearch Laboratories).
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Sucrase-isomaltase labeling: Sections from paraffin embedded tissues were first incubated for 2
hrs with  anti-sucrase-isomaltase antibodies (1/500), and then for 45 min with a Cy3-conjugated
anti-rabbit IgG antibody (1/500) (Jackson Immunoresearch Laboratories)
2.3 5’-bromo-2’-deoxyuridine labeling
2.3.1 5’-bromo-2’-deoxyuridine injection
Eight to 12 week-old BALB/c mice (Harlan, Horst, The Netherlands) were injected
intraperitoneally with an aqueous solution of 120 mg/kg of 5’-bromo-2’-deoxyuridine (BrdU)
and of 12 mg/kg 5’-fluoro-2’-deoxyuridine (Sigma, Steinfelden, Germany). Mice were sacrificed
by carbon dioxide asphyxiation after different lapses of time following BrdU injection (30 min,
2, 6, 12, 30, 48, 55, 72 hours).
2.3.2 Tissue processing
Immediately after sacrifice, the small intestine was removed, fixed in 4% paraformaldehyde in
phosphate buffered saline (PBS), pH 7.5 for an hour, and fragments containing Peyer’s patches
were processed and embedded in paraffin. Four µm-thick sections were prepared and treated 5
min in xylene to remove the paraffin, re-hydrated through graded alcohol to distilled water and
PBS. Alternatively with or without fixation, fragments were snap frozen in OCT compound
(Sakura Finetek Europe, Zoeterwoude, Ne). Ten µm-thick cryosections were then performed.
Serial paraffin processed sections were incubated in 1.0 N HCl at 60°C for 20 min, then rinsed in
PBS, and treated with 1 % BSA, 1 % mouse serum, 1 % goat serum in PBS for 30 min to block
reactive groups in the tissue. The sections were incubated 2 hours with a rat monoclonal anti-
BrdU antibody (Harlan Sera lab, Belton, Loughborough, UK) at a dilution of 1/100. Sections
were then incubated with Cy3-conjugated anti-rat IgG antibodies (1/200)(Jackson
Immunoresearch Laboratories, West Grove, USA) at a dilution of 1/200, for 45 min. No
fluorescence was observed when sections from the same embedded samples were stained
without the primary antibody.
2.3.3 Migration kinetics of epithelial cells
Serial paraffin processed sections of intestinal fragments containing a Peyer’s patch, taken at
different time points after BrdU injection, labeled with anti-BrdU antibodies were examined in
order to select those that contained the apex of the FAE. Slides were observed with an
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epifluorescence microscope (Axioskop, Zeiss, Germany) attached to a cooled CCD-Camera
(Photonic Science Ltd, Sussex, UK). The distance between the front of the labeled cells and the
base of the crypt was measured on digitized pictures using the NIH-Image software, and
converted to µm with a graduated scale. Each value is the mean of at least 10 measurements.
2.4 Tdt mediated dUTP Nick-end labeling (TUNEL) of tissue
sections
Sections of paraffin-embedded tissues containing one Peyer’s patch were dried for 10 min and
then incubated with 20 µg/ml proteinase K for 15 min at room temperature. Slides were washed
three times for 3 min with double distilled water, then dehydrated with 70 %, 90 %, and 95 %
ethanol and dried for 5 min. Terminal deoxynucleotidyltranferase (Tdt) mix (CoCl2 5mM, 1X
One phor all buffer (Pharmacia Biotech, Uppsala Sweden), Tdt 50 U (Pharmacia Biotech), 0.5
nM dUTP biotin conjugated, BSA 0.05 %) was added to cover the sections and then incubated in
humid atmosphere at 37°C for 60 min. The reaction was terminated by washing the slides with
PBS (3 x 5 min). Incorporation of biotinylated nucleotides was then revealed by incubation for
35 min with streptavidin conjugated with either FITC (1/50), Cy3 (1/500) or Cy5 (1/100)
(Jackson Immunoresearch). Finally the slides were washed with PBS (3 x 5 min). Controls run
on adjacent sections cut from the same embedded samples consisted of Tdt mix without Tdt.)
2.5 Bacterial strains and culture conditions.
The bacterial strains are listed in Table 1. SIN strains were obtained by phage P22 HT105/int-1
transduction. Salmonella or E. coli were grown in Luria-Bertani (LB) broth for 24 h at 37°C,
then diluted 1/1’000 in LB broth and grown in standing conditions for 18 h at 37°C (62).
Bacterial concentration was calculated on a base of 109 bacteria per ml per OD unit at 600 nm
and determined precisely by plating. Ampicillin and kanamycin were added at 100 and 40 µg/ml,
respectively. L. monocytogenes was grown in brain heart infusion medium (BHI) at 37°C, B.
bifidum  and B. vulgatus in BHI at 37°C in anaerobic GasPak  (Becton Dickinson,
Cockeysville) jar using a glycerol frozen inoculum. Supernatants were filtered to remove
residual bacteria and proteolysis was performed at 37°C for 30 min with trypsin 10 µg/ml
(Worthington Biochemical Corporation, Lakewood). When specified, bacteria or supernatants
were heat-treated for 20 min at 65°C. For complementation, the ampicillin resistant plasmid
pRP2 harboring an EcoRI fragment with S. typhimurium fliC genes (gift of K. Hughes) was
introduced in Salmonella. Flagellin expression was checked by (i) agglutination with rabbit
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Salmonella H antiserum poly a-z (Difco laboratories, Detroit), (ii) motility in 0.35% agar, and
(iii) by SDS-PAGE analysis of supernatants and immunoblot with poly a-z serum and
peroxidase-conjugated anti-rabbit serum (Sigma, St. Louis).
Table 2. Bacterial strains
Strains Relevant characteristics*
DH5α Laboratory strain derived from E. coli K-12
EMO† Plasmid-free E. coli from human colon flora
ATCC14028‡ Virulent Salmonella typhimurium strain
SB856§ sopE::aphT mutation in S. typhimurium SL1344
TH714¶ fljB5001::MudJ mutation in S. typhimurium LT2
VV341| | hilA::kan-339 mutation in SL1344
SIN14 hilA::kan-339 in ATCC14028
SIN18 sopE::aphT in ATCC14028
SIN20 fliC::aphT from SEFK32 strain in ATCC14028
SIN22 fljB5001::MudJ in ATCC14028
SE857** Virulent Salmonella enteritidis strain
SEFK32** fliC::aphT mutation in SE857
Bacteroides vulgatus† Gram– anaerobe from human colon
Bifidobacterium bifidum† Gram+ anaerobe from human colon
LO28†† Virulent Listeria monocytogenes strain
*kan, MudJ, and aphT encode cassettes for resistance to
kanamycin; Strains were obtained from †V. Gaboriau-Routhiau,
‡American Type Culture Collection, §J. Galan, ¶K.T. Hughes,
| |C. Lee, **F. Van Asten, ††P. Berche
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2.6 Cell culture
The human colon adenocarcinoma cell line Caco-2 clone 1 was grown in DMEM with glutamax,
10% FCS, 1% non-essential amino acids and 4 µg/ml transferrin (cell culture products from
Gibco BRL, Rockville). T-84 intestinal epithelial cell line was grown in 50% DMEM, 50%
Ham's F12 medium, 10% FCS and 2 mM L-glutamine. Cells were grown for 10 days at 37°C
under 5% CO2 on Transwells (6 mm diameter, 3 µm pore, Corning Inc., Acton). The average of
transepithelial electrical resistance was 800 Ω cm2 and 300 Ω cm2 for Caco-2 and T-84 cells,
respectively. Differentiation was also checked by the presence of apical microvilli and by
upregulation of apical sucrase isomaltase (Caco-2) with specific antibodies (gift from A.
Zweibaum) using electron and confocal microscopy.
2.7 Infection
Bacteria or bioactive materials were suspended in epithelial cells culture medium and added
either apically (300 µl) or basally (1 ml). For infection, cells were incubated for 45 min with 108
bacteria, i.e. a multiplicity of infection (moi) of ~100, washed with PBS, and incubated with
medium containing 50 µg/ml gentamicin (5 µg/ml for Listeria) to kill extracellular bacteria.
Alternatively, cells were exposed to supernatant, lipopolysaccharide (LPS) or flagellin for the
duration of experiment. At indicated times, total RNA was prepared and/or culture medium were
recovered.
2.8 Real-time quantitative PCR for analysis of mRNA levels.
Total RNA was isolated from cells of 3 Transwell filters (Rneasy, Qiagen, Switzerland) and
reverse transcription (RT) was performed on 100 ng using Superscript II (Gibco BRL). Resulting
cDNA (1 ng) was amplified in triplicates by the SYBR®-Green PCR assay, and products were
detected on a Prism 5700 detection system (SDS, ABI/Perkin-Elmer, Foster City). PCR reactions
were incubated for 2 min at 50°C and for 10 min at 95°C, followed by 40 amplification cycles
with 1 min annealing/extension at 60°C and 15s denaturation at 95°C. The 18S ribosomal RNA
was used to standardize the total amount of cDNA. The primers for CCL20
(CCAAGAGTTTGCTCCTGGCT and TGCTTGCTGCTTCTGATTCG), IL-8
(CACCGGAAGGAACCATCTCA and GGAAGGCTGCCAAGAGAGC), LT-ß
(GCCACTTCTCTGGTGACCTTG and CACTAAGGCCAGCACAGCC), LT-ß receptor
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(TCTGCAGGAAACTGGGATCG and GCTACAGGATTGGGTCCCTCT) and 18S
(ACATCCAAGGAAGGCAGCAG and TTTTCGTCACTACCTCCCCG) designed from
sequences (NM004591, Y00787, U73844, BC026262, and X03205) yielded PCR products from
63 to 75 bp. Specificity of PCR was checked by melting curves analyzing and sequencing.
Relative mRNA levels (2ΔΔC) were determined by comparing (I) the PCR cycle threshold (C)
between cDNA of the gene of interest and of 18S rRNA (ΔC), (ii) ΔC values between treated and
untreated conditions (ΔΔC). SD of relative mRNA levels was calculated as follows:
2(ΔΔC ± √{SD[ΔCtreated]2 + SD[ΔCuntreated]2}). Increase of RNA levels lower than 2 fold were not
considered as significant.
2.9 CCL20-specific ELISA.
Microplates coated with 3 µg/ml human CCL20-specific mAb (clone 67310.111, R&D Systems,
Minneapolis) were used to capture CCL20 in culture medium. Goat anti-human CCL20 (R&D
Systems) diluted at 1µg/ml was used as the detection Ab and development was performed with
peroxidase-conjugated rabbit anti-goat Ab (Sigma) diluted 1/2'000. CCL20 concentration was
calculated from a standard curve using recombinant human (rh) CCL20 (R&D Systems). The
detection threshold was 0.5 ng/ml.
2.10 LPS and flagellin purification.
LPS was purified by hot phenol extraction as described previously (63). Alternatively,
commercial S. typhimurium LPS was used (L-6511, Sigma). Flagellin was prepared from
Salmonella strain SEFK32(pRP2) grown for 16 h at 37°C with agitation in LB as described
previously (64). Briefly, flagella were sheared from surface, pelleted by ultracentrifugation, and
acidified to release flagellin monomers. Flagellin was concentrated in PBS and stored at –80°C.
2.11 Generation of CD34+-derived DCs.
Progenitors were isolated from umbilical cord blood by positive selection using anti-CD34 mAb
(Immu-133.3, Immunotech, France), goat anti-mouse IgG-coated microbeads and MidiMacs
columns (Miltenyi Biotec, Germany). CD34+ cells were grown in RPMI-1640, 10% FCS, 200
U/ml rhGM-CSF (Schering-Plough Research Institute, Kenilworth), 50 U/ml rhTNFα
(PeproTech Inc., Rocky Hill) and 10 U/ml rhSCF (R&D Systems). After 7 days, the cells (30-
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50% CD1a+ DCs, 25-35% CD1a-CD14+ DC precursors, and undifferentiated CD34+ cells) were
collected.
2.12 Chemotaxis assay.
Supernatants from Caco-2 cells cultured in complete DMEM (2% FCS), or rhCCL20 were
added to 24 well plates and 5×105 DCs to Transwell inserts (5 µm pores, Corning Inc.). Plates
were incubated for 1.5 h at 37°C. Migrated cells were stained with FITC-labeled anti-CD1a mAb
and PE-labeled anti-CD14 mAb and counted by flow cytometry. For neutralization, samples
were incubated for 30 min at 37°C with 10 µg/ml of goat anti-CCL20 Ab.
2.13 In vivo Flagellin stimulation
Ligated ileal loops of BALB/c mice were injected with 200 µg of flagellin or 200 µg of
ovalbumin as a negative control. After 2 hours, intestinal tissues were embedded in OCT.
Sections were hybridized with 35S RNA sense and antisense probe corresponding to CCL20
cDNA.
2.14 Anti-LTß-R or LT-ß in vitro stimulation
Anti-LTß-R antibody or LT-ß recombinant protein were suspended at given concentrations in
cell culture medium and added to the epithelial cells. At indicated times, total RNA was prepared
for qRT-PCR analysis or alternatively cells, when previously transfected, were lysed for
luciferase assays.
2.15 Cloning of CCL20 promoter and luciferase reporter constructs
We obtained a BAC corresponding to the clone RP11-90L9 with the AQ284493 GENBank
accession number via Life Technologies Gibco-BRL, Novex and Research Genetics divisions.
This BAC clone containing the CCL20 gene, was digested with KpnI, BglII, and Xho1-HindIII
and fragments of expected size were purified from gel using the Qiagen minielute colums®. To
generate the promoter reporter construct, the 1.6kb and 2.0kb promoter region were inserted into
KpnI, BamHI, Xho1-HindIII sites respectively in pBluescript creating the pCCL20.16 and
pCCL20.20. This construct was then subcloned in the pGL-3 basic vector (Promega, WI) in
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KpnI, NheI sites. Serial 5’-truncations of the CCL20 promoter were created by nuclease
treatment of previously KpnI digested pGL-3.CCL20.16 plasmid with 3’-5’ exonuclease III
deletion kit (MBI FERMENTAS St.Leon-Rot, De) using the manufacturer’s protocol. All
constructs were confirmed by sequencing.
2.16 Site directed mutagenesis
For introduction of mutations into the putative CCL20 NFkB binding site primer 5’
GGGCCAGTTGATCAATgatgagaattCCATGTGGCAACACGC 3’ was used (mutated
nucleotides are written in small letters) on pCCL20.16 plasmid (pBluescript backbone). This
primer was used in combination with the antisense primer for amplification and KpnI, NheI
fragments were subcloned into of pGL3-basic. Site directed mutagenesis was performed using
the proofstart DNA polymerase (Qiagen, Basel,CH). Constructs were confirmed by sequencing.
2.17 Cell transfections and Dual luciferase assay
All transfection were conducted with the Lipofectin® reagent (GIBCO) according to
manufacturer’s conditions. After 12 hours incubation, the transfection mix was replaced by fresh
cultured medium. After 48 hours the cells were stimulated with the different reagents. 9 hours
after stimulation, cells were lysed and luciferase activity for our constructs and the normalizing
Renilla luciferase construct was performed in the same tube using the Dual luciferase® assay
(Promega) according to the manufacturer’s protocol.
2.18 In situ hybridization
In situ hybridization (ISH) was performed as previously described (65). In brief, The 35S -labeled
sense and antisense riboprobes were synthesized from a plasmid (kindly provided by Christoph
Mueller, University of Bern, Switzerland) containing full coding region for CCL20 using T7, T3,
RNA polymerases. For ISH, 4% PFA fixed frozen sections of mouse PP were treated with
1µg/ml proteinase K at 37° C for 30 min. Nonspecific binding of probe was reduced by
treatment with 0.1 M triethanolamine and acetylation with acetic anhydride. The slides were
hybridized with a labeled probe at 2X 106 cpm/10 µl incubated at 45° C overnight. The sections
were washed and digested with RNase at 37° C for 30 min. Finally, slides were washed with
SSC and dehydrated in graded ethanol and air dried. The radioactive RNA probe bound to tissue
section was detected by emulsion autoradiography using NTB-2 emulsion (Eastman Kodak Co.)
and exposed at 4° C in the dark for 2–4 weeks.
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3 Results
A large part of my results has been reported in two publications (66); (67). I have included some
additional data recently obtained. The result section is organized as follows:
1) Analysis of ECM components, proliferation, apoptosis and M cells in the FAE.
2) Role of LTß on FAE markers (CCL20) induction.
3) Role of bacteria and bacterial components on FAE markers (CCL20) induction.
4) Analysis of CCL20 gene regulation.
3.1 FAE phenotye correlates with a distinct pattern of ECM
molecules
Basal lamina components play a crucial role in the differentiation along the crypt/villus axis (8).
To test whether the FAE-specific differentiation program may reflect a distinct basal lamina
composition, we analyzed the immunohistochemical distribution of basal lamina components of
the FAE, using antibodies specific for laminins (Ln), collagen IV, tenascin, nidogen and perlecan
(heparan sulfate proteoglycan, HSPG). The labeling pattern of collagen IV, nidogen and Ln1 was
similar in the subepithelial basement membrane of the FAE and in the villi with their respective
crypts (Fig. 12A-B-C). In contrast tenascin exhibited a more patchy distribution, and perlecan, a
proteoglycan exclusively produced by the epithelial cells (68), was almost absent in the FAE of
BALB-c mice in contrast to the villi where both were highly expressed (Fig. 12D-E). The
labeling intensity and localization generated by a polyclonal antibody recognizing all laminins
except Ln 5, was similar over the FAE and the villi. A detailed analysis using subunit-specific
antibodies, however, revealed significant differences. The distribution of β1γ1chains shared by
several Ln isoforms (Fig. 13A) did not always parallel in the FAE the gradient from the crypts
upwards seen in the villi. Expression of α1 chain (constituent of Ln 1) was restricted to the
crypts of both villi and FAE (57). The distribution of γ2, a subunit specific of Ln 5 (Fig. 10C)
and α5, associated with Lns 10 and 11 (Fig. 13B) was similar over the FAE and the villi.
Discontinuities of the staining patterns seen in the basement membrane lining the FAE probably
reflects the interruptions resulting from the intense leukocyte traffic between the lymphoid
follicles and the epithelium (69), (51). An α2-specific antibody revealed an asymmetric labeling
pattern in the crypts surrounding Peyer’s patches. The α2 subunit present in Lns 2 and 4 was
detected on the villus but not the follicle side of the crypts (Fig 13D). This lack of staining was
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paralleled by the absence of alpha smooth-muscle-actin positive myofibroblasts below the FAE
(Fig. 11). This is consistent with the fact that the α2 subunit is produced exclusively by the
lamina propria myofibroblasts and not by the epithelial cells (70).
Figure 12: Immunofluorescence localization of FAE basal lamina components of a Peyer’s
patch.
The labeling pattern of collagen IV (A) and nidogen (B) under the FAE is similar to that seen in the basal lamina
along the crypt/villus axis. In contrast tenascin (C) exhibit a patchy distribution and perlecan (D) is almost
completely absent under the FAE. Nonspecific coloration of lymphoid cells in the Peyer's patch is signaled by an *.
Bars 100 µm.
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Figure 13: Immunofluorescence detection of laminins in the FAE basal lamina of a Peyer’s
patch.
The labeling pattern in the FAE compared to the villi is similar for β1γ1(A), α5 (B) and γ2 (C), while α2 (D) is
asymmetrically distributed in the crypts surrounding the Peyer’s patch. On the side in contact with the follicle, α2
labeling is dramatically reduced. Bars 100 µm.
Figure 14: Detection of myofibroblasts under the FAE of Peyer's patches.
Myofibroblasts detected with an anti-α smooth muscle actin monoclonal antibody were present in the crypt lamina
propria and the lower third of the villi, but are absent under the FAE and in the lymphoid side of the FAE crypts
giving rise to the FAE. Bar 100 µm.
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3.1.1 Proliferating cells, M cells, and apoptotic cells are present in distinct
compartments in the FAE of adult BALB/c mice
The proliferation compartment was visualized following a short pulse (30 min) of BrdU. The
BrdU+ cells revealed with a monoclonal antibody were restricted to the two upper thirds of the
crypts (Fig. 15A). With increasing time (2 hrs), the number of labeled cells in the FAE crypts
was approximately half that found in the villus crypts (table 3), in agreement with previous
reports (71), (72). To identify M cells and analyze their distribution in the FAE, we used the
UEA-1 lectin that labeled most intensively the apical cell surface of M cells, although the lateral
membrane domain and the membrane lining the intraepithelial pocket were also positive (Fig.
15B). UEA-1 binding, however, was not restricted to M cells since goblet and Paneth cells were
also positive, but with a punctuated staining pattern reflecting the presence of secretory granules.
The density of UEA-I positive cells was greater at the periphery (~60%) when compared to the
center (~15%) of the dome as already described (table 2) (34).
Apoptotic epithelial cells in the FAE were identified using the TUNEL assay (73). We found
labeled nuclei at the apex of the FAE and at the tip of the villi (Fig. 12B). Numerous cells were
labeled in the germinal centers of the lymphoid follicles and scattered cells in the dome area
below the FAE. Occasionally some apoptotic cells were seen outside the apoptotic compartment
along the FAE as well as along the crypt/villus axis. In all the preparations examined, TUNEL
staining rarely co-localized with the UEA-1 labeling. Double staining with a lymphocyte marker
(CD45) identified the apoptotic cells outside the apoptotic compartment as intraepithelial
lymphocytes (table 4). My data indicate that programmed cell death in the FAE is restricted to
the apex of the dome and that M cells are not eliminated by apoptosis.
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labeling of proliferating cells (red) after a 30 min pulse are restricted to the crypts.  Panel B: double
labeling of M cells (arrowheads) with the UEA I lectin (red) and of apoptotic cells (TUNEL) (arrow) (green). The
FAE is underlined (doted line). The number of UEA 1+ cells in the dome's bottom half was found to be 3 times
higher than in the dome's apex half (table 1). Proliferation is restricted to the crypts, apoptosis is found at the apex of
the FAE (arrow). No apoptotic M cells were found (table 4). Goblet cells (*) are also labeled with the UAE-1 lectin.
Bars 100 µm.
Table 3 : Comparison of cell type number over sections of FAE and Villi. Values are given ± SD.
FAE1 Villus1
Total cell number / half section 59.7 ± 3         n2 = 10 83.6 ± 6       n = 23  *
Apoptotic cells / section 5.5 ± 1.4        n = 12 5 ± 1.7         n = 13
Proliferative cells/crypt3 12 ± 2            n = 11 21 ± 3.5       n = 19 *
Dome's bottom half
13.5 ± 2.7    n = 10   *UEA I labeled cells/ half section4
Dome's apex half 4.5 ± 1.3    n = 10 0                  n = 32
1Sections selected for the maximum diameter of FAE or to a whole villus
2n : number of follicles or villi examined
32 hours after BrdU injection
4Count of UEA 1 + cells except Goblet and Paneth cells
*Data were analyzed by student t test and P< 0.05 was considered as statistically significant
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3.1.2 The kinetics of epithelial cell migration from the crypt to the FAE
apex differs from that along the crypt/villus axis.
To rule out the possibility that M cells were extruded from the FAE by an apoptosis-independent
mechanism, we followed BrdU-labeled cells from the crypt to the apex of the dome and
compared the kinetics of migration to that along the crypt/villus axis. Serial sections crossing
entire Peyer’s patches from mice killed at different times after BrdU injection were labeled. We
reasoned that if M cells are precociously extruded, this should result in a slowing down of the
front of migration of BrdU+ cells along the FAE. Positive cells, which were initially detected in
the crypts around the follicles, reached the mouth of the FAE crypts between 6 and 12 hours
after injection (not shown). Within 24 hours the labeled cells reached the M cell compartment as
revealed by double staining with the UEA-1 lectin (fig 16A). Subsequently as the cells moved
out of the M cell compartment they were UEA-1 negative (fig 16B) with low levels of sucrase-
isomaltase. They reached the apex of the dome within 60 to 65 hours (fig 16D).
The migration of epithelial cells was quantified by measuring the distance between the label
front and the bottom of the crypt at different time points after BrdU injection. We compared the
migration along the crypt/FAE axis versus the crypt/villus axis. It appears that the cells reach the
apex of the FAE and the tip of the villi at approximately the same time. A similar life span along
the two axes with a renewal time of about 60 to 65 hours was observed despite the fact that the
total distance that the cells have to travel is longer along the crypt/villus than the crypt/FAE axis.
Interestingly the initial migration rate is much slower on the follicle side of the crypts, while at
later stages the rates are similar (Fig. 16D). The delay is detectable in the earliest phase
corresponding to the cell proliferation compartment, but not at later time points.
Altogether, these results show a steady progression of labeled cells from the crypts that supply
the FAE to the M cell compartment and the apex, with no delay in BrdU+ cell migration as the
cells cross the M cell compartment. This suggests that no substantial extrusion of epithelial cells
occurs in the upper part of the dome.
M cells are frequently arranged in radial stripes (51), showing alternative M-cell-rich and M-
cell-poor regions. To have a more global view of migration patterns in these two domains, we
performed double staining (Brdu and UEA-1) of Peyer’s patch whole mounts 48 hours after
BrdU injection. We were unable to detect any differences, confirming the results obtained on
serial sections (Fig. 16C).
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Table 4 : Type and localisation of apoptotic cells
over sections of FAE
UEA 1 - UEA 1 +
CD 45 - CD 45 +
In the apex region  74 0 1
Outside of the apex region      12 0 6
Figure 16: Migration kinetics of epithelial cells along the crypt to villus axis and in the
FAE. Co-localization of UEA-1+ cells and migrating BrdU+ cells.
A-C) Peyer’s patches of mice were injected with BrdU for 24 (A), 48 (C) and 55 hours (B) prior to sacrifice. On
sections of Peyer’s patches selected for maximum diameter of FAE (A, B) or on whole mounts (C), BrdU
+
 cells
were labeled with a cy3 fluorochrome (red) and UEA-1
+
 cells with FITC (green). On sections, the FAE is indicated
by a doted line. Bars 100 µm.
D) The migration of epithelial cells was measured on digitized pictures of BrdU labeled Peyer’s patches sections
(apex region) using the NIH-Image software. The distance between the front of the labeled cells and the base of the
crypt was measured and converted into microns with a graduated scale attached to a coded CCD-Camera (Photonic
Science). Each value is the mean of at least 10 measurements.
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3.2 LTß induces expression of FAE specific genes
Members of the TNF family have been shown to be particularly important for regulating the
development of lymphoid organs, lymphoid function and immune tolerance. Particularly
lymphotoxin beta (LTß) plays a key role in embryonic lymphoid organ formation as well as in
the maintenance of the lymphoid architecture. ((45) and see above). Due to it strategical function
in LN and PP organogenesis the role of LTß signaling in FAE differentiation was investigated.
3.2.1 Kinetic of LTß and CCL20 expression
LTß is known to be expressed by colonizing IL-7Rα+CD4+CD3–CD45+ hematopoietic cells at the
moment of their entry within the PP anlage. This is achieved between E16.5 and E17.5 and
seems to be the only source of LTß in the intestine at this stage (49).
In order to check whether our FAE marker CCL20 appears as the LTß+ hematopoietic cells
migrate in the gut we performed in situ hybridization in developing mice embryos at different
stages of development (N.Debard,, unpublished results and (41)).
Up to date CCL20 expression was detected as early as E17.5 (figure 17).
Figure 17: CCL20 is expressed at E17.5 in mouse.
Intestines of BALB/c mice embryos were embedded in OCT. A) Sections were stained with anti-V-Cam antibody.
B)Sections were hybridized with 35S RNA sense and antisense probe corresponding to CCL20 cDNA. Results
obtained with antisense probe are shown. These images were obtained on serial sections, the same area of the
intestine is shown. Magnification : 200X.
A B
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3.2.2 LT ß signaling induced CCL20 gene expression in intestinal
epithelial T84 cells.
Since CCL20 expression in the FAE appears to correspond to the colonization of the PP anlage
by IL-7Rα+CD4+CD3–CD45+ cells that express LTß, we decided to test whether LTß could
induce expression of CCL20 using the T84 enterocyte cell line and agonist LTßR antibodies or
recombinant LTß. We studied the expression of the CCL20 chemokine gene in the human
intestinal epithelial T84 cell line in response to LTß signaling by real time PCR.
CCL20 was induced in T84 upon exposure to an agonist LTß-R-specific antibody. Stimulation
with an isotype matched control antibody did not induce CCL20 (figure 18a). Exposure to LTß
recombinant protein also resulted in CCL20 upregulation. The effect of anti-LTß-R and of LTß
protein were both dose-dependent (figure 19).
Interestingly the stimulation of the intestinal epithelial cell line Caco-2 failed to induce CCL20
despite that quantitative RT-PCR analysis did not reveal significantly different expression of
transcripts for LTß-R in both cell lines (figure 18b). Further investigations must be conducted to
determine wheter LTß-R is mutated or not properly translocated to the membrane or if there are
other mutations or deficiency along the signaling pathway in cCaco-2 cells.
Altogether these results indicate that LT-ß signaling acts on CCL20 expression in certain
intestinal epithelial cell lines. It remains to be tested whether CCL20 expression in vivo is LTß
mediated.
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Figure 18: LTß-R-regulated expression of CCL20 gene in epithelial cells.
(a) Transcriptional activation of CCL20 gene: T84 cells at 14 days of culture were exposed for 3 hours to anti-LTß-
receptor antibodies. Total RNA was extracted and reverse transcribed. CCL20 mRNA levels were quantified using
real-time PCR and 18S rRNA amplicons as standards. Values were expressed as relative increase of CCL20 mRNA
quantity compared to non stimulated cells. (b) Total RNA from non stimulated Caco2 and T84 cells was extracted
and reverse transcribed. LTß receptor mRNA levels were quantified using real- time PCR and amplicons were
loaded on agarose gel.
Figure 19: LTß -regulated expression of CCL20 gene in epithelial cells is dose-dependent.
Transcriptional activation of CCL20 gene: T84 cells at 14 days of culture were exposed for 3 hours to anti-LTß-
receptor antibodies or LTß recombinant protein at different concentrations. Total RNA was extracted and reverse
transcribed. CCL20 mRNA levels were quantified using real-time PCR and 18S rRNA amplicons as standards.
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3.2.3 In vivo blocking of LTß partially affects Peyer’s patch and FAE size
and M cell number
Following injection of soluble LTßR, the role of LTß-R signaling in adult mouse Peyer’s patch
and FAE maintenance was assessed (42).
Rag-1-/- mice were treated for six weeks with LTßR-Ig fusion protein to block the LTßR
pathway or with human IgG1 as a negative control. When analyzed one week after the last
injection, Peyer’s patches from LTßRIg–treated mice were reduced in size compared with those
of Ig-injected mice (figure 20a). As expected, expression of FDC markers was almost
completely lost, and subepithelial MadCAM-1 staining could no longer be detected. A
substantial reduction in number of DCs in dome regions was also noticed, similar to the
reduction observed in normal adult mice treated with LTßR-Ig (Browning, unpublished
observations), reflecting maybe a lower expression of CCL20. CCL20 although down regulated
was still detectable by in situ hybridization in LTßR-Ig treated mice. (N. Debard, unpublished
results, figure 20c). Finally, LTßR-Ig treatment did not prevent the formation of M cells;
however, it significantly reduced the percentage of M cells compared with infusion of control Ig
alone (9% vs 4.9%, P < 0.05) (figure 20b).
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N.Debard et al, GASTROENTEROLOGY 2001;120:1173–1182
Figure 20: Blocking of LTß partially affects Peyer’s patch and FAE size and M cells
number
A) Alkaline phosphatase (ALP) activity in whole-mount Peyer’s patches from Rag-1-/- mice with or without LTßR-
Ig fusion protein. Enterocytes expressing high ALP activity are stained in red, and mature M cells lacking ALP
activity appear white. Goblet cells that also lack ALP activity are selectively labeled in blue using alcian blue.
B) Quantitation of intestinal M cells on whole-mount preparation Peyer’s patches stained for ALP. Whole mounts
were stained as in (A), and ALP-negative cells were counted. Six weeks of treatment with the LTßR-Ig fusion
protein resulted in a significant reduction (P< 0.05) in frequency of M cells. Two to five mice per group were used
to score M cells. Values are given as means ± SD.
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3.3 Role of microflora components in inducing FAE marker
CCL20
3.3.1 S. typhimurium induces expression of CCL20 gene in intestinal
epithelial cells
We studied the expression of the CCL20 chemokine gene in the human intestinal epithelial
Caco-2 cell line grown on permeable filters in response to various bacterial stimuli by real time
RT-PCR and by ELISA. In untreated cells about 1.8 ± 1.0 × 106 CCL20 copies per µg of total
RNA were detected which corresponds to ~10 copies per cell. The concentration of CCL20 in
the apical and basal medium never exceeded 0.5 ng/ml. These observations confirmed the
constitutive CCL20 gene expression in Caco-2 cells reported by others (74).
Apical exposure of Caco-2 cells to virulent S. typhimurium ATCC14028 resulted in efficient
infection since 0.25% bacteria were internalized within 2 hours (Table 5). The transcription of
CCL20 was maximally increased between 2 and 3.5 h after infection [15.2 ± 6.9 fold (n=20)]
(Fig. 21a). Under these conditions, IL-8 transcription was increased 27.6 ± 7.8 fold as reported
previously (10, 75). CCL20 secretion increased significantly 2 h after infection and reached a
plateau at 6 h (Fig. 21b). CCL20 secretion was partially polarized since 20 h after infection 64.8
± 6.9 % (n=7) of secreted protein were recovered in the basal compartment.
3.3.2 The CCL20 response is induced by pathogens
The specificity of CCL20 induction was analyzed in response to various bacteria encountered in
the gut. The E. coli strain DH5-α and the commensal bacteria E. coli EMO, B. bifidum, or B.
vulgatus were unable to induce CCL20 expression (Fig. 22a and b). In contrast, pathogenic
bacteria including S. enteritidis and L. monocytogenes activated CCL20 transcription as
efficiently as S. typhimurium (Fig. 22c).
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bacteria (× 104 CFU)†
ATCC14028 1.42 ± 0.47 35.60 ± 1.40
SIN14 1.85 ± 0.21 3.05 ± 0.07
SIN18 2.10 ± 0.14 14.50 ± 0.70
SIN20 1.50 ± 0.10 6.77 ± 3.00
SIN22 1.44 ± 0.10 5.60 ± 1.10
SE857 1.48 ± 0.21 41.00 ± 9.90
SEFK32 1.80 ± 0.13 2.75 ± 1.30
L. monocytogenes 1.20 ± 0.28 0.0232 ± 0.0152
EMO 1.50 ± 0.56 0.0038 ± 0.0005
*Number of bacteria added on apical compartment of Caco-2 monolayers, †Intracellular
bacteria protected from gentamicin (50 µg ml-1 except for L. monocytogenes 5 µg ml-1) 2.5 h
after infection of Caco-2 cells.
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Figure 21: S. typhimurium-regulated expression of CCL20 gene in epithelial cells
Caco-2 cells in Transwell cultures were infected apically for 45 min with S. typhimurium ATCC14028 (moi=100),
washed and incubated for the indicated times in gentamicin-supplemented medium. (a) Transcriptional activation of
CCL20 gene: Total RNA was extracted and reverse transcribed. CCL20 mRNA levels were quantified using real-
time PCR and 18S rRNA amplicons as standards. Values were expressed as relative increase of CCL20 mRNA
quantity compared to non infected Caco-2 cells. (b) Secretion of CCL20 chemokine in basal culture medium.













































































Figure 22: Pathogen-specific induction of CCL20 transcription in epithelial cells.
Monolayers of Caco-2 cells were exposed apically for 45 min to bacterial strains (moi=100) and
incubated for 2.5 h in gentamicin-containing medium. CCL20 expression was quantified by real-
time RT-PCR. ATCC14028 was used as a positive control of CCL20 induction. Results are
representative of at least 2 independent experiments. CCL20 transcription was analyzed upon
exposure to (a) laboratory E. coli DH5α, (b) bacteria from human colon flora: E. coli EMO, B.
vulgatus, and B. bifidum, and (c) enteroinvasive bacteria: S. enteritidis SE857 and L .
monocytogenes LO28.
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CCL20 induction does not require epithelial cell invasion
Invasion of epithelial cell is dependent on a type III secretion system encoded by Salmonella
pathogenicity island 1 (SPI-1) that injects toxins, such as SopE, in the cytoplasm of epithelial
cells (76, 77). These toxins induce membrane ruffles resulting in bacterial internalization and
disturb signaling pathways. Inactivation of the hilA gene that encodes an activator of SPI-1 genes
impairs invasion. The S. typhimurium hilA mutant SIN14 and the sopE-inactivated strain SIN18
were found as efficient as wild type ATCC14028 bacteria to induce CCL20 expression in
epithelial Caco-2 cells (Fig. 23a). CCL20 induction by heat-killed and live bacteria was not
significantly different (Fig. 23a), thus ruling out a role of bacterial invasion. Therefore, our
experiments indicated that CCL20 stimulation does not require epithelial cell invasion nor the
injection of SopE toxin.
3.3.3 CCL20-inducing factor is a heat stable secreted protein
S. typhimurium supernatant strongly induced CCL20 expression when applied apically on
epithelial cells (Fig. 23c). LPS is a heat-resistant molecule of outer membrane from Gram
negative bacteria involved in cell signaling. Apical or basal treatment of Caco-2 cells with
commercial S. typhimurium LPS or LPS purified from ATCC14028 did not activate CCL20 gene
transcription (Fig. 23b). Thus, LPS per se is not the induction factor for CCL20 stimulation.
As observed with whole bacteria, heat treatment did not abolish the supernatant activity (Fig.
23c). Trypsin digestion of the supernatant, however, totally abrogated CCL20 induction.
Altogether, these experiments indicated that the CCL20-specific induction factor is a heat-stable
secreted protein.
3.3.4 Flagellin is the CCL20 induction factor
Flagellin, the subunit constituting the flagellar filament, is the major protein recovered from
S. typhimurium or S. enteritidis supernatants (Fig. 24c) (78). S. typhimurium produces two 52
KDa flagellins: FliC or FljB whereas S. enteritidis produces a single 56 KDa flagellin FliC. The
fliC-deleted S. enteritidis SEFK32 was unable to induce CCL20 gene expression in contrast to
the parental strain SE857 (Fig. 24a). Complementation of fliC mutant with fliC gene from S.
typhimurium fully restored CCL20 induction. In addition, S. typhimurium mutants SIN20 or
SIN22 producing either FljB or FliC stimulated CCL20 transcription to similar levels as wild-
type bacteria (data not shown). Finally, purified S. typhimurium FliC flagellin activated CCL20
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transcription in Caco-2 cells (ED50 ~ 20 pM ) (Fig. 24b). Similar results were obtained using the
T-84 epithelial cell line (Fig. 26). As recently reported (64, 79), flagellin was found to induce
transcription of the IL-8 gene in Caco-2 cells (Fig. 26a-b). Our experiments demonstrated that
flagellin is required for the induction of CCL20 and IL-8 gene expression in epithelial intestinal
cells.
3.3.5 Medium from flagellin-treated cells induces migration of immature
DCs
Human immature DCs were able to migrate in response to rhCCL20 (Fig. 25). The migration
was inhibited by incubation with CCL20-specific antibodies. Low migration of DCs was
observed with basal medium from untreated cells, probably reflecting the constitutive secretion
of CCL20 by Caco-2 cells. The basal medium from flagellin-treated Caco-2 monolayers was as
chemotactic as rhCCL20 at equivalent concentrations. Moreover, incubation of medium with
CCL20-specific mAb fully abrogated chemotaxis. In conclusion, the migration of immature DCs
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Figure 23: Salmonella induction factor for CCL20 expression is a heat stable secreted
protein.
Polarized Caco-2 cells were exposed apically for 45 min to bacteria (moi=100) (a). Then, cells were incubated for
2.5 h in gentamicin-supplemented medium. Alternatively, cells were exposed for 3.25 h to bacterial products at the
indicated concentrations (b, c). Activation of CCL20 gene transcription was quantified by real-time RT-PCR.
Results are representative of at least 3 independent experiments. (a) Induction of CCL20 transcription is
independent on Salmonella-mediated invasion. (b) LPS-independent CCL20 transcription. Epithelial cells were
treated apically or basally with 10µg/ml of LPS from S. typhimurium. (c) Induction factor is a Salmonella secreted
protein. Cells were exposed apically to 100µl supernatants from S. typhimurium, heat-treated supernatant, or trypsin-
digested and heat-treated supernatant. LB broth treated in the same conditions was used as control.



































































































Figure 24: Salmonella flagellins induce CCL20 and IL-8 transcription in epithelial cells.
Polarized Caco-2 cells were treated apically with bacteria (moi=100) or flagellin. CCL20 and IL-8 gene
transcription was quantified by real-time RT-PCR (a, b). Results are representative of at least 3 independent
experiments. (a) Cells were infected for 45 min with S. enteritidis, the fliC mutant SEFK32, or SEFK32(pRP2)
(complemented with the FliC flagellin of S. typhimurium) and incubated for 2.5 h in gentamicin-containing medium.
(b) Dose-dependent induction of CCL20 and IL-8 expression by flagellin. Cells were exposed apically for 3.25 h to
purified S. typhimurium FliC flagellin at the indicated concentrations. (c) Flagellin expression in Salmonella strains.
Supernatants (0.5 ml) from Salmonella cultures or purified S. typhimurium FliC flagellin (1 µg) were analyzed after
SDS-PAGE by Coomassie blue staining (upper panel) and by immunoblotting (lower panel) with flagellin-specific
Ab. Arrow and asterisk indicate the position of flagellins from ATCC14028 (52 KDa) and SE857 (56 KDa),
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Figure 25: Immature DCs migrate in response to medium from flagellin-treated epithelial
cells.
rhCCL20 (7 ng/ml), control medium or basal medium of untreated or of flagellin-treated Caco-2 cells (7 ng/ml of
CCL20) were used in migration assays of immature DCs. When specified, CCL20-specific mAb was mixed with
medium 30 min before assay to neutralize CCL20. Results are representative of 2 independent experiments.




























Figure 26: Salmonella flagellin FliC induces CCL20 transcription in T-84 epithelial cells.
Polarized T-84 cells were exposed apically for 3.25 h with FliC flagellin at the indicated
concentrations. CCL20 gene transcription was quantified by real-time RT-PCR. Results are
representative of 2 independent experiments.
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3.3.6 Flagellin induces CCL20 expression in vivo
Flagellin induced CCL20 transcription in the whole intestinal epithelium when injected in ileal
ligated loops of BALB/c (Fig. 27). Injection of ovalbumin as a negative control did not induce
any CCL20 expression. In conclusion CCL20 expression is not restricted to FAE cells in vivo











Figure 27: CCL20 is upregulated by flagellin in mouse intestinal epithelium.
Ligated ileal loops of BALB/c mice were injected with 200 µg of ovalbumin or 200 µg of flagellin. After 2 hours,
intestinal tissues were embedded in OCT. Sections were hybridized with 35S RNA sense and antisense probe
corresponding to CCL20 cDNA. Results obtained with antisense probe are shown.
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Figure 28: TLR-5 expression in intestinal epithelial cells.
(a) PCR with TLR5-specific primers was performed on cDNA (20 ng equivalent of total RNA) from Caco-2 cells or
in absence of template using primers AGTTCTCCCTTTTCATTGTATG and GAATCTGTTTTGGTCACTGTAT
and 40 cycles (94°C 30s, 53°C 30s, 72°C 30s). TLR5-containing plasmid was used as positive control (b) Cell
monolayers or (c) human intestinal frozen sections were fixed with 4% paraformaldehyde, labelled with 10µg ml-1
TLR5-specific rabbit Ab (sc-10742, Santa Cruz Biotechnology, Santa Cruz) and detected with Cy3-conjugated goat
anti-rabbit Ab (Jackson Immunoresearch Lab., West Grove). No fluorescence was observed when cells were stained
without the primary antibody. Bar = 100 µm.
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3.4 Regulation of CCL20 transcription
In our experiments we have demonstrated that CCL20 was regulated by flagellin and LTß. We
performed time course experiments for the transcription of CCL20 gene following exposure to
these two unrelated stimuli. When stimulated by flagellin, the induction of CCL20 in T84 cells
peaks within one hour and then reaches a basal level twelve hours after stimulation. In contrast,
cells stimulated with LTß showed a more sustained activation of CCL20 transcription (Fig. 29)
Figure 29: Kinetics of flagellin and LTß induced CCL20 transcription.
T84 cells at 14 days of culture were exposed for different time to flagellin or to LTß recombinant protein. Total
RNA was extracted and reverse transcribed. CCL20 mRNA levels were quantified using real-time PCR and 18S
rRNA amplicons as standards. Values were expressed as relative increase of CCL20 mRNA quantity compared to
non stimulated cells. Results are representative of 3 independent experiments.
3.4.1 Functional characterization of the CCL20 promoter sequence’s
regulatory elements
We decided to clone and functionally characterize the CCL20 promoter. The genomic sequence
of the CCL20 gene is now available in Ensembl (clones AC027560 and AC 073065) and the
genomic structure of the CCL20 gene was recently published (80). Report from Hieshima et al.
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ATG. We adopted this location as transcription start for our study. We cloned a 2kb and a 1.6 kb
of the CCL20 promoter from a human BAC clone containing the CCL20 gene.
We subcloned the fragments into the pGL3-basic vector to drive expression of the firefly
luciferase coding region. The constructs were transiently transfected into T84 and/or Caco-2
cells. For normalization we use the Dual luciferase® assay system which consists of the co-
transfection of a plasmid containing a constitutive promoter (cytomegalovirus (CMV) or herpes
virus thymidine kinase (HVTK) promoters) driving the expression of the renilla luciferase as a
standard.
Transfected cells were stimulated with different molecules during 9 hours. Stimulation by
flagellin (1µg/ml) resulted in a 4 to 5 fold induction of luciferase activity either in Caco-2 and
T84 cells. The induction was comparable when T84 cells were stimulated with LTß (1µg/ml)
(fig 30). Caco-2 cells did not respond to LTß.
Figure 30: Flagellin and LTß induce CCL20 promoter activity.
The CCL20 promoter (nt –1600 to + 18 relative to transcription start) were cloned upstream of the firefly luciferase
coding region in the PGL-3- basic vector. Transient transfection of T84 cells and further 9 hours stimulation with
flagellin or recombinant LTß were performed. This is representative of at least 3 independent experiments.
Different 5’truncations of the CCL20 promoter were constructed and cloned in PGL-3 vector.
The truncated CCL20 promoter constructs were transiently transfected into T84 and Caco-2
cells, that were further stimulated with flagellin or LTß. The truncated constructs from nt –1600
to nt –162 were inducible in levels comparable to the longer sequences (i.e. nt -2000, nt –1600).
But when further 48 bp were removed from the 5’ end, both flagellin and LTß inducibility was
totally abolished (fig. 31). Further analysis of the sequence showed many different putative
binding sites. The sequence 5’GGGGAAAACCCC3’ located between nt –93 and –82 represents
a putative binding site for NFkB .






Molecular mechanisms of FAE differenciation_____________________________________ 59
To determine the role of this NFkB regulatory element we introduced mutations of this putative
binding site into the 1600 bp promoter sequence. T84 cells transiently transfected with these
constructs showed a lack of response to either flagellin and LTß (fig 31). Transfection of Caco 2
and T84 cells with a construct containing 3 successive binding site for NFkB resulted in an
induction of 10 to12 fold luciferase reporter activity when stimulated by flagellin (Caco-2, T84)
or LTß (T84). During the completion of this work three independent studies reported similar
results in case of Il-1ß and TNF-α stimulation in different epithelial cell lines (81), (82), (83).
Altogether these results demonstrated that CCL20 gene expression is controlled by NFkB.
In addition we made one striking observation. For the constructs nt –116 to nt + 18 and nt –101
to nt + 18 there was no induction upon flagellin or LTß treatment despite the presence of an
intact NFkB binding site. This indicates the presence of another regulatory element in the
sequence comprised between nt –162 to nt –116. To precise potential transcriptional elements in
this region we aligned the human and the mouse CCL20promoter (AB015136 ) (fig. 32) and
found an highly conserved sequence between mice and humans. The TFsearch program (84)
revealed putative binding site for Ets-1 family members. We are currently introducing mutations
in this site to determine its role in CCL20 regulation.
Figure 31: Functional characterization of CCL20 promoter sequence.
T84 cells were transiently transfected with plasmids containing nested deletions or mutations of CCL20 promoter
linked to firefly luciferase reporter gene. Nucleotide position in the promoter are numbered according to the
transcription initiation start. After 72h, cells were incubated for 9h with 1µg/ml flagellin or 1µg/ml LTß
recombinant protein.and firefly luciferase activity was assayed. Results were normalized to activity of Renilla
luciferase encoded by a co-transfected plasmid. Results are representative of 2 independent experiments.
anti-LTß receptor 1µg/ml
Non stimulated
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Figure 32: CCL20 promoter constructs and alignment with mouse promoter sequence.
 ataggagttctggaatgttcctgtgtggggctgacctttgtatcgctgttaatcctctattttcagacacaaaaatgatt      640
 tatcctcaagaccttacaaggacacaccccgactggaaacatagcgacaattaggagataaaagtctgtgtttttactaa
 aagttaaaactggatgaaagtcttttctgggtcacagggctgagctgcttttgctctttgcaaatacaaagaatttaaca   720
 ttcaattttgacctactttcagaaaagacccagtgtcccgactcgacgaaaacgagaaacgtttatgtttcttaaattgt
      -213                     -172     -162
 ggattctccccttctcaacttcctgtcccccaccctgaccttcgcaccttcccaatatgaggaaaaagcaggaagttttc  800
 cctaagaggggaagagttgaaggacagggggtgggactggaagcgtggaagggttatactcctttttcgtccttcaaaag








Deletion sites are indicated
NFkB binding motif
   Ets-1
Human: -162 caatatgaggaaaaagcaggaagttttccttgcgggttttttttatga -116
             ||| |  ||||||| |||||||||||||| || ||||||| ||| ||
Mouse:      caacagtaggaaaaggcaggaagttttccctgtgggttttctttgtggt
Alignment of human and mouse CCL20 promoter
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4 Discussion
4.1 Role of extracellular matrix and mesenchymal compartment in
FAE differentitiation
Cell proliferation, differentiation and apoptosis in the gut have been shown to depend on
heterotypic interactions between the epithelial cells of endodermal origin and the stromal
mesenchymal cells (85). Both cell types participate in the elaboration of an organized
extracellular matrix structure, the so-called basal lamina. The orientation and assembly of
extracellular matrix molecules (laminins, proteoglycans, collagens) directs precise cellular
functions, including cell proliferation and differentiation, through interactions via integrin
molecules (7). Among these factors, laminins and other basement membrane molecules play a
crucial role in mediating proliferation, differentiation, migration, and apoptosis of the epithelial
cells (4, 86). For example, laminin 1 has been proposed to activate the caudal homeotic
transcription factor cdx-2 via ß1 integrins. Cdx-2 in turn, controls cell differentiation, i.e.
decreased proliferation, upregulation of digestive enzymes like sucrase isomaltase (8). Many
laminin isoforms are contributed both by the epithelial and mesenchymal cells (subepithelial
myofibroblasts in adult mice) (57). In my thesis work I have shown that some subunits are not
villus- or FAE-specific: expression of α1 chain (a constituent of laminin 1) is restricted to the
crypts of both villi and FAE, while the γ2 subunit of laminin 5 and α5 associated with laminins
10 and 11, are similarly distributed over the FAE and the villi. On the other hand, the α2 subunit
present in laminins 2 and 4 is restricted to crypts associated with villi but not FAE; in crypts
adjacent to a lymphoid follicle, α2 subunits are present on the villus side and absent from the
follicle side of the crypt (Fig. 13). Ln2 is expressed in adults in the basal lamina of the crypt in
the small intestine but not under differentiated enterocytes. In addition, expression of the α2 chain
in the intestine coincides with the formation of crypts. A 50% decreased proliferation correlating
with the absence of Ln 2 was observed in FAE associated crypts. Altogether, it is tempting to
speculate that Ln 2 might play a role in the genesis and/or in the maintenance of crypts or of a
defined extracellular microenvironment specific for the stem cell compartment. However,
analysis of the intestine of mice deficient for the α2 chain did not provide any evidence for such a
role (87). Moreover if the differences observed in the other ECM molecules expression under the
FAE affect the differentiation program of FAE enterocytes is presently not known.
The lack of α2 laminin subunit is paralleled by the absence of smooth muscle α-actin positive
myofibroblasts (the so-called subepithelial fibroblast sheath) under the FAE (Fig. 14). This
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observation is consistant with the fact that laminin α2 subunits are produced by subepithelial
myofibroblasts and not by the epithelial cells (70). Key factors for fibroblast growth arrest and
differentiation are BMP/TGFß family of proteins (88-90). TGFß1, which is highly expressed in
Peyer’s patches should favor the presence of myofibroblasts. Their phenotypic absence could be
explained by a further differentiation state and by the presence of hematopoetic cells. Specific
factors produced by these cells could exert anti-proliferative or apoptotic effect on the
mesenchymal cells or moreover drive them to another differentiation state. Hematopoeitic cells
are producing LTß that is crucial for the maturation of follicular dendritic cells. Thus, FDC could
represent this other differentiation state of mesenchymal cells.
4.2 Transient phenotype of M cells
The epithelial cells of the FAE originate from crypts like villus enterocytes and differentiate into
FAE enterocytes and M cells as they move towards the apex of the dome (3, 71, 91). M cells are
seen at the periphery of the dome at sites where epithelial cells exit the crypts but rarely at the
apex of the dome. M cells were detected by the Ulex europeaus lectin (UEA-1) recognizing the
expression of glycoproteins and/or glycolipids. If M cells were to represent a distinct cell lineage
one would expect them to be extruded at the periphery of the dome in order to account for their
decreased density at the center of the FAE. Since normal loss of epithelial cells is driven by
apoptosis (92), apoptotic M cells should be found along the side of the dome. In the villi,
programmed cell death is restricted to the tip (93). In this study, we show that the apoptotic
compartment in the FAE of mouse Peyer's patch is located at the apex of the dome. We found no
apoptotic cells in the M cell compartment at the periphery of the dome, except few intraepithelial
lymphocytes. To rule out that M cells can be extruded by an apoptosis-independent mechanism,
we followed the movement of bromodeoxyuridine -labeled cells as they migrated from the crypt
to the tip of the dome. BrdU labeled cells were initially detected in the crypts around the follicles
and with increasing time, they colocalized with M cell markers (UEA-1) and later with apoptotic
markers (TUNEL) at the tip of the dome. There was no difference in the kinetics of enterocyte
migration along the FAE and the villus axes and no evidence for M cell shedding at the
periphery of the FAE (Fig. 16). In some mouse Peyer’s patches, but also in rabbit and human
Peyer’s patches M cells and enterocytes are present over the entire dome and thus seem to have
similar life spans. However, in a majority of murine Peyer’s patches as seen in this study, but
also in rabbit appendix, M cells are relatively abundant on the sides of the dome but rare or
absent in the apical region (94). To account for the abrupt loss of M cells, extrusion of M cells at
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the FAE periphery has been proposed (54). In rabbits, the presence of M cell-specific debris at
the FAE periphery (95, 96) and the absence of intermediate enterocyte/M cell phenotypes in the
FAE apex (96) were taken as evidence for premature shedding of M cells. It remains to be seen
whether apoptosis occurs at the rabbit FAE periphery or whether extrusion of M cells occurs by
a different mechanism that does not impair the barrier function of the FAE. Presently based on
our observations, we favor a working model in which M cells represent a transient phenotype of
FAE enterocytes as they migrate from the crypts to the apex of the dome.
4.3 The role of LTß and microbial components in FAE marker
CCL20 expression
The CCL20 chemokine is the ligand of CCR6 receptor and is specifically expressed in the FAE
(27) constituting a first positive FAE molecular marker. This aspect conducted us to decipher the
regulatory mechanisms of CCL20 expression in intestinal epithelial cells in response to specific
stimuli.
Lymphotoxin ß (LTß) signaling is critical for PPs organogenesis as LT deficient mice as well as
LTß-receptor-/- mice lack PPs and most of the lymph nodes (LN). The continuous signaling via
LTßR-expressing cells appears necessary for the maintenance throughout the life of PP
architecture. We described a concomitant expression of LTß and CCL20 in intestines of mouse
embryos. We then, demonstrated the ability of LTß signaling to induce CCL20 in intestinal
epithelial cells in vitro. When LTß signaling was blocked in vivo in adult mice, only a partial
effect was observed in FAE phenotype and CCL20 expression. We can postulate that LTßR-IgFc
fusion protein may not have full access to the FAE or once programmed during development,
FAE enterocytes cannot be returned to villi enterocytes. Altogether these results constitute good
evidence that LTß induce CCL20 in FAE. Whether this is the case for other FAE specific genes
needs to be validated by monitoring the transcription profile of LTß-stimulated cells and by
increasing the panel of FAE markers.
CCL20 has a selective chemotactic activity for naïve B and T lymphocytes and CCR6+ dendritic
cells suggesting a role in the formation and/or maintenance of functional organized mucosal
lymphoid tissues. This is illustrated in CCR6 deficient mice that lack myeloid DCs under the
FAE and are unable to mount an efficient mucosal immune response (28). Whether CCL20 is
necessary for the maintenance of FAE phenotype is also an interesting issue. In CCR6 deficient
mice, an FAE is still present over PP arguing against such a hypothesis.
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We then provide the first evidence that Salmonella flagellins stimulate CCL20 chemokine
expression and secretion by epithelial intestinal cells resulting in chemotaxis of CCR6+ immature
DCs. Such CCL20-mediated DC migration could be essential for uptake of enteropathogens
producing flagellin, followed by antigen processing and presentation necessary for the induction
of an adaptive immune response in the gut. This property of flagellin could provide new
prospects in mucosal vaccination.
Immature DCs recruited upon interaction of enteropathogenic microbes with epithelial cells
could constitute an appropriate niche for bacterial survival and dissemination. S. typhimurium are
taken up in Peyer’s patches by subepithelial DCs. The survival of S. typhimurium in DCs is
independent on virulence factors required for intracellular survival in macrophages. Therefore,
the subepithelial immature DCs are the most potent candidate to carry the bacteria from the
intestine to deeper organs such as mesenteric lymph nodes, spleen or liver, where it is transferred
to macrophages. The chemokine-stimulating activity of flagellin could be essential to enhance
migration of DCs into subepithelial areas of Peyer’s patches and villi. Like Salmonella, L.
monocytogenes produces flagella that are coordinately expressed with other virulence factors.
Listeria flagellin is also an inducing factor for CCL20 (J-C.Sirard unpublished observations).
Whether immature DCs are vehicles for these bacteria is an important question to address for
pathogenicity. Recently, Rescigno and coworkers reported that, both in vitro and in vivo, mouse
DCs penetrate intestinal epithelium to sample lumenal bacteria (97). It remains to be tested
whether this process is flagellin- and CCL20-mediated since the rapid migration of DCs do not
parallel the CCL20 induction observed in Caco-2 cells.
Flagellin is widely distributed and conserved among distant bacterial species (98). Flagellins
from various Gram negative or positive bacteria, including L. monocytogenes, are pro-
inflammatory in the picomolar range (our study and (99) (64, 79, 100, 101)). Therefore, flagellin
presents all features of pathogen-associated molecular patterns (PAMP). In our study, various
enteropathogenic but not commensal bacteria stimulated CCL20 and IL-8 gene expression. In
pathogens, flagella are expressed during infection and the associated-motility is crucial for
virulence (12). Pathogenic bacteria produce also virulence factors for specific adhesion, and/or
invasion, and/or injury of epithelial cells (12). Commensal bacteria can also be equipped with
flagella. The question arising from these findings is why commensal bacteria do not signal?
Elements of answer arise from flagellin structure studies and from experiments of flagellin
mutations or deletions done in our laboratory and by others (102). In these experiments, the
central highly variable part of the flagellin molecule was shown to be not necessary to trigger
signaling. This is the part of the molecule specifically exposed to the outside of the bacterial
flagella. This indicates that only a depolymerized flagellin should signal.
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Another possibility is that the microbial flora is confined to luminal compartment and mucus
layer (103). We can propose that in vivo, only enteropathogenic bacteria could bring flagellin in
close contact to the epithelial cell surface resulting in induction of cell signaling and that even if
expressed in vivo, the flagella of commensal bacteria are probably not contacting the epithelial
cells.
Recently, TLR5 has been shown to mediate flagellin-dependent signaling in transfected
mammalian cells (101). A polarized expression of TLR5, i.e. expression only on the basolateral
side could imply the necessity for bacterial flagellin to cross the epithelial barrier to trigger a
signal explaining why only enteroinvasive bacteria trigger signaling. Others and we have shown
that TLR5 is expressed in Caco-2 cells in a non polarized way (Fig. 28 and (104)). Moreover, in
human intestine, TLR5 is detected on the apical and basal surfaces of enterocytes (104). This is
in agreement with our in vivo experiment in which flagellin injected in a mouse ileal loop was
able to induce CCL20 expression from the apical side (Fig. 27) and argues against the last
hypothesis.
Thus, in our experiments we have demonstrated that CCL20 was regulated by two distinct
molecules: flagellin and LTß. Flagellin signals via TLR5 that is thought to induce the classical
NFkB (101) pathway while LTß that acts via LTß-R induces in addition another NFkB pathway
(105) (for rewiev see (106) and Fig. 11). This is in agreement with our time course experiments
for the transcription of CCL20 gene using the two different stimuli. When stimulated by
flagellin, the induction of CCL20 in T84 cells peaks within one hour and returns to a basal level
twelve hours after stimulation. In contrast, cells stimulated with LTß showed a more sustained
activation of CCL20 transcription up to 24 hours after stimulation (Fig. 29), favoring the
hypothesis of a different regulatory pathway. In addition we and others have demonstrated that
an NFkB binding element in the CCL20 promoter sequence is necessary, although not sufficient,
for inducibility by these two molecules. Thus, CCL20 is one of the first identified gene regulated
by both NFkB pathways, It constitutes a unique tool to study the regulation provided by these
two related pathways.
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5 General conclusion and outlook
The follicle-associated epithelium (FAE) is found exclusively over lymphoid follicles in mucosal
tissues, including Peyer’s patches. The enterocytes over Peyer’s patches express a distinct
phenotype when compared to the villi enterocytes. The purpose of this study was to investigate
and identify the potential cells and/or molecules instructing FAE differentiation.
We have described a differential expression of extracellular matrix components under the FAE,
correlating with the absence of subepithelial myofibroblats. These characteristics can regulate at
least partially the specific phenotype of FAE cells.
CCL20, a chemokine able to recruit cells that initiate adaptive immunity constitutes our first
positive FAE molecular marker. We decided to decipher the regulation of this specific FAE
gene. Lymphotoxin ß (LTß) signaling is critical for PPs organogenesis as LT deficient mice as
well as LTß-receptor-/- mice lack PPs and most of the lymph nodes (LN). We obtained in vitro
and in vivo evidence that LTß signalling is involved in CCL20 gene expression. Whether this is
the case for other FAE specific genes needs to be validated by monitoring the transcription
profile of LTß-stimulated cells and by increasing the panel of FAE markers. An approach
currently in progress is to use laser dissecting microscopy followed by DNA arrays experiment
to obtain the transcription profile of the FAE. In parallel, DNA arrays experiments are performed
on LTß stimulated epithelial cells. We will have then to validate the findings obtained with
CCL20 and LTß on the other FAE specific genes.
We have shown in addition that CCL20 gene expression is inducible in vitro and in vivo in
intestinal epithelium by flagellin, a component of bacterial flagella. This raises interesting
questions about the use of such protein as a mucosal adjuvant.
We have thus demonstrated that CCL20 is strongly regulated by two distinct molecules :
Flagellin and LTß. Signals induced by both TLRs and TNFRs families, i.e. the receptors for
flagellin and LTß respectively, were both described to activate NFkB transcription factor with
differences in the transduction pathways. We have demonstrated that an NFkB binding element
in the CCL20 promoter sequence is necessary but not sufficient for inducibility by these two
molecules and that the kinetics were different depending on which stimulus. We favor now a
working model in which signaling by bacterial components triggers a proinflammatory and
primary immune response via NFKB-1 wheter LTß signaling triggers a phenotypic change in
FAE enterocytes via NFKB-2 pathway (fig. 33).
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We intend to use several approaches to verify the role of the each NFkB pathways in response to
these stimuli:
- bandshift and supershift experiments with nuclear extract from cells differently
stimulated and/or chromatin immunoprecipitation using specific antibodies for p50:p65
in one hand and p52:RelB in the other hand.
- study of mice conditionally knock out for NFkB1 or NFkB2 for basal expression of
CCL20 and an increased panel of FAE markers and their inducibility upon flagellin or
LTß stimulation.







CCL20 + phenotypic change
of epithelial cells (metaplasia)
LTß-R
TLR-5
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